Efficient excitation of dense plasma columns at 100-Hz repetition rate using a tailored pump pulse profile produced a tabletop soft-x-ray laser average power of 0.1 mW at λ = 13.9 nm and 20 μW at λ = 11.9 nm from transitions of Ni-like Ag and Ni-like Sn, respectively. Lasing on several other transitions with wavelengths between 10.9 and 14.7 nm was also obtained using 0.9-J pump pulses of 5-ps duration from a compact diode-pumped chirped pulse amplification Yb:YAG laser. Hydrodynamic and atomic plasma simulations show that the pump pulse profile, consisting of a nanosecond ramp followed by two peaks of picosecond duration, creates a plasma with an increased density of Ni-like ions at the time of peak temperature that results in a larger gain coefficient over a temporally and spatially enlarged space leading to a threefold increase in the soft-x-ray laser output pulse energy. The high average power of these compact soft-x-ray lasers will enable applications requiring high photon flux. These results open the path to milliwatt-average-power tabletop soft-x-ray lasers.
I. INTRODUCTION
The great interest in sources of bright coherent soft-xray radiation that has motivated the construction of freeelectron lasers [1, 2] (FELs) also motivates the development of more readily accessible tabletop soft-x-ray laser (SXRL) sources. Despite the significant progress recently made in both compact high-harmonic-generation-based sources [3, 4] and plasma-based SXRLs [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , their average power is at present lower than that delivered by soft-x-ray FEL facilities [1, 2] . The average power of laser-pumped SXRLs has been limited by the relatively low repetition rate of the high-energy optical wavelength pump lasers used to drive them and by low pumping efficiency. In contrast, capillary discharge lasers are capable of milliwatt average power [16, 17] , but currently their wavelengths are limited to values longer than 46 nm [18] . For laser-pumped soft-x-ray lasers operating in the (10-15)-nm wavelength range, thermal effects within the flash-lamp-pumped solid-state driver lasers have limited the repetition rate to 10 Hz or less, resulting in maximum average powers ranging from 1 to 20 μW [8, 10] . Recently, we reported a tabletop SXRL capable of 100-Hz-repetition-rate operation, generating 0.15-mW average power on the λ = 18.9-nm line of Ni-like Mo [19] , including the hour-long operation of this laser at high repetition rates [20] . Here we report the demonstration of a 0.1-mW-average-power, gainsaturated, λ = 13.9-nm soft-x-ray laser operating at 100-Hz repetition rate made possible by combining a high-energy chirped pulse amplification (CPA) infrared laser pumped by laser diodes that delivers pulses of up to 1 J of energy at this repetition rate, with a temporally tailored infrared driver laser pulse that more efficiently pumps the plasma amplifier.
The plasma amplifiers were excited by a single-shaped pump pulse. Although the use of a single pulse has been * brendan.reagan@colostate.edu used to drive tabletop soft-x-ray lasers before [9, 13, 19] , the pulse employed here has different characteristics. The advantage of shaping the temporal sequence of pulses used to efficiently create and heat soft-x-ray plasma amplifiers has been recognized [7, 13] . In particular it was shown that the addition of a short-duration [2-ps full width at half maximum (FWHM)] prepulse with a fraction of the intensity of the main pulse can significantly increase the soft-x-ray laser pulse energy produced by a λ = 13.9-nm Ni-like Ag laser when pumping with relatively low driving laser pulse energies [7] . In another paper this work was expanded upon to allow the generation of 4.7-μJ pulses at λ = 13.9 nm using less than 2 J of total pump laser energy [21] . In recent previous work we used a single tailored pump laser pulse to drive strong lasing in the λ = 18.9-nm transition of Ni-like Mo at 100-Hz repetition rate that resulted in an average power of 0.15 mW [19] . Here, in order to more efficiently pump the soft-x-ray amplifier plasma and allow generation at shorter wavelengths, we made use of a tailored temporal pulse profile that consists of an ß2-ns-long, low-amplitude ramp that creates and ionizes the plasma and a short-duration intense pulse that precedes the main peak of the pulse as shown in Fig. 1(b) . Hydrodynamic and atomic physics plasma simulations show that the pump pulse profile, consisting of a nanosecond ramp followed by two peaks of picosecond duration, creates a plasma with an increased density of Ni-like ions at the time of maximum temperature that results in a larger gain coefficient over a temporally and spatially enlarged region leading to a threefold increase in the soft-x-ray laser output pulse energy. This increase in pumping efficiency combined with the increased repetition rate results in extremely high average power at these wavelengths from a tabletop device. Using this approach, bright lasing was also demonstrated at a number of wavelengths between 10.9 and 14.7 nm, including the high-repetition-rate, gainsaturated operation of a λ = 11.9-nm laser from Ni-like Sn. These results will enable technologic applications and basic 
II. EXPERIMENTS

A. Setup and procedures
The high-repetition-rate diode-pumped λ = 1.03-μm CPA pump laser system used to obtain the results reported here amplifies stretched pulses from a mode-locked Yb:KYW oscillator in a room-temperature Yb:YAG regenerative preamplifier and two cryogenic Yb:YAG power amplifiers operating at 100-Hz repetition rate. A dielectric grating pair compresses the pulses into 1-J pulses with durations as short as 5 ps FWHM. This CPA laser is described in Refs. [19, 22, 23] . After compression, the laser pulses are focused using cylindrical optics onto a solid target at a grazing incidence [15, 24] angle of 32°to form a 30-μm-FWHM-wide by 5-mm-long line focus as shown in Fig. 1(a) . For prolonged high-repetition-rate operation we made use of a circular target consisting of a 100-mm-diam copper disk [ Fig. 1(a) ] with a foil of the desired lasing material (in this case Ag or Sn) soldered to its face. The target material is mechanically polished to a smooth flat face suitable to produce an axially uniform plasma column when irradiated with the driving laser. The target is rotated using a motorized stage to present a fresh surface for each consecutive laser shot allowing for prolonged laser operation, as we previously demonstrated in [20] . Single-shot, on-axis extreme ultraviolet (EUV) plasma emission spectra were obtained using a 1200-line/mm grazing incidence, flat-field, gold-coated diffraction grating, and an x-ray-sensitive CCD. For the high-repetition-rate soft-x-ray laser measurements, an EUV-sensitive (10 × 1)-mm 2 silicon photodiode was placed in the imaging plane of the spectrometer at the location corresponding to the laser wavelength. Thin zirconium and Parylene filters (0.3 μm Zr and 0.1 μm Parylene) were used to reject visible plasma emission and also to prevent detector saturation. Absolute energy measurements were made using the reported efficiency of the diffraction grating, the reported responsivities of the Si photodiode and CCD, and the transmission efficiency of the thin filters measured in situ.
The pump pulse profile was measured via secondharmonic-generation cross correlation of the driving laser pulse with 100-μJ, 700-fs-FWHM pulses produced by a Yb:KYW regenerative amplifier. This amplifier was seeded by the same mode-locked oscillator used to seed the SXRL pump laser, allowing for simple temporal synchronization. The measurement was sensitive down to a relative intensity of ß10 −5 , limited by the detection of stray light from the cross correlator. The presence of any non-negligible pulses before the 3.5-ns temporal window shown was ruled out by measurement with a fast photodiode. As can be seen in Fig. 1(b) , the main peak of the driving laser is preceded by an intentionally added pedestal that ramps from a relative intensity of ß10 −4 , 2.7 ns before the peak, to about 10 −3 before the onset of the main intensity peak. This pedestal results from amplified spontaneous emission (ASE) within the first amplifier stage, with both the duration and intensity adjustable by controlling the strength of the stretched seed pulses into the amplifier and the timing of the Pockels cells within and following the amplifier. Additionally, the short picosecond peak preceding the main peak is generated by splitting the seed pulse beam from the pulse stretcher using a polarizing beam splitter and a λ/2 waveplate and subsequently recombining the beams into 053820-2 a single beam with an adjustable delay before seeding the regenerative amplifier. This feature is shown with a relative intensity of 12% of the main peak and preceding that main peak by 15 ps in the inset of Fig. 1(b) . Because all of the temporal features originate from within the regenerative amplifier cavity, they are collinear and share the same spatial mode profile, making this truly a single pulse and avoiding the temporal and spatial overlapping that is required when using multiple pulses to drive soft-x-ray lasers. The short-duration, early pump pulse peak has proven to be crucial in increasing the soft-x-ray laser output pulse energy, which, combined with the increase in repetition rate to 100 Hz, produces high average power.
B. Demonstration of a high-average-power laser at λ = 13.9 nm and efficient lasers down to 10.9 nm Figure 1 (c) shows the measured laser pulse energy of 2000 consecutive pulses of the λ = 13.9-nm laser operating at 100-Hz repetition rate on the 4d 1 S 0 → 4p 1 P 1 transition of Ni-like Ag obtained using the tailored pump pulse profile with the dual peak shown in Fig. 1(b) . The total pump pulse energy on target was 900 mJ. The circular target described earlier, which has a width of 1 cm in the direction of the line focus axis and an outer diameter of 100 mm, was rotated at 10 deg/s, resulting in a distance between successive shots of ß90 μm at 100-Hz repetition rate. The mean SXRL pulse energy was measured to be 1.0 μJ with a shot-to-shot standard deviation of 14%, resulting in an average power of 0.1 mW.
FIG. 2. (Color online)
Single-shot, on-axis plasma emission spectra of 4d 1 S 0 → 4p 1 P 1 Ni-like ion soft-x-ray lasers produced by irradiating solid targets of Te, Sn, In, Cd, Ag, and Pd with a single tailored pulse of 0.9-J energy produced by a diode-pumped Yb:YAG laser. The right column shows the raw CCD image of each spectrograph. All lasers down to 11.9 nm were operated in the gain-saturated regime.
We also used the combination of the compact diode-pumped driver laser and the specially tailored driving laser pulse profile technique to demonstrate bright SXRLs at shorter wavelengths down to λ = 10.9 nm, as summarized by the single-shot on-axis spectra of Fig. 2 . The same pumping geometry and detection configuration described above was employed. Rectangular slab targets were used for the case of Te, In, Cd, and Pd and a circular target of the form described above was used for Sn. For the shortest wavelength investigated, λ = 10.9 nm from Ni-like Te, the total driver laser pump energy of 0.9 J used to obtain lasing is significantly lower than that reported in previous experiments [10] . No lasing was observed when the single-peak temporal pumping profile was used with Te or Sn targets and diminished laser pulse energy was observed for Pd, Ag, Cd, and In targets.
The circular target design was used for high-repetition-rate operation of the λ = 11.9-nm Sn laser. The measurement of λ = Each point is the average of five shots, with error bars representing the standard deviation of each measurement, and the solid traces show a fit of the data to the gain expression corrected for gain saturation presented in [27] . The laser is gain saturated with a small signal gain coefficient of 47.5 cm −1 and a gain-length product of nearly 15 for a 5-mm-long target. (b) Consecutive shots of the 11.9-nm Sn laser acquired at 50-Hz repetition rate. The mean laser pulse energy was 0.4 μJ with a standard deviation of 25%, resulting in an average power of 20 uW. The drop in energy near shot number 500 is caused by a target surface imperfection. 053820-3 11.9-nm laser pulse energy as a function of target length illustrated in Fig. 3(a) shows that this SXRL laser operates in saturation for the longest target lengths with a small-signal-gain coefficient of 47.5 cm −1 and a gain-length product of 14.8. The total pump energy of 0.9 J employed here is less than half of that previously reported to produce gain saturation in this laser [11] . Fig. 1(b) for (a) and (e) λ = 13.9-nm small signal gain, (b) and (f) electron temperature, (c) and (g) electron density, and (d) and (h) fraction of Ni-like ions, for the single-peak pulse profile (left column) and the dual-peak profile (right column). In all maps, the vertical scale represents the distance normal to the target and the horizontal axis is the time with t = 0 representing the peak of the driving laser pulse.
053820-4 FIG. 5. (Color online)
Simulated two-dimensional maps of (a) and (b) the fraction of Ni-like ions and (c) and (d) the small-signal-gain coefficient for the one-peak (left column) and two-peak (right column) pump pulse profiles. The horizontal and vertical axes represent the distances parallel and normal to the target surface, respectively. The data are plotted at the time of maximum gain, which occurs at t = 4 ps for the single-peak profile and at t = −1 ps for the dual-peak profile.
rate. The low melting point and soft nature of Sn that results in a large surface deformation by the impinging driver laser limits the maximum repetition rate to 50 Hz by the maximum available target rotation speed of 20 deg/s (ß400 μm/shot). Slower target rotation speeds were observed to lead to diminished soft-x-ray laser pulse energy. The Sn SXRL laser performed at a mean pulse energy of 0.4 μJ with a shot-to-shot standard deviation of 25% resulting in an average power of 20 μW.
III. MODEL SIMULATIONS AND DISCUSSION
In order to understand the mechanisms behind the enhanced SXRL emission obtained with the ramp-dual-peak profile we simulated the laser-produced plasma amplifier with a two-dimensional (2D) hydrodynamic code with detailed atomic physics that allows the calculation of the population of all relevant energy-level populations [25] . The model results were combined with a three-dimensional ray-trace postprocessor that simulates the soft-x-ray beam generation and amplification process, allowing for direct comparison with experimental data. The atomic model solves the rate equations of ions of primary interest (lasing ions and seven neighboring ionization stages) in the fully transient approximation. The less relevant ion-state populations are computed using effective ionization and recombination rates calculated by assuming that the excited-state populations are in steady state with the ground-state populations. Each ion has atomic data from the Flexible Atomic Code (FAC) [26] with more than 10 000 levels per ion that are bundled into 20-50 effective levels.
Excitation and deexcitation rates between the high-lying levels were reduced to compensate for an artificially increased ionization rate caused by the bundling or these levels. Figures 4 and 5 illustrate the model results for the λ = 13.9-nm Ni-like Ag laser under the conditions of the experiment described above. The temporal profile of the pump laser is simulated assuming a piecewise-linear interpolation of the measured temporal profiles of the driver laser pulse intensity plotted in Fig. 1(b) . The line focus was approximated to be a 5-mm-long line with a width of 30-μm-FWHM Gaussian profile containing 70% of the laser pump energy in accordance with measurements obtained imaging the line focus. Computations were performed for the 32°grazing angle of incidence onto the Ag target used in the experiment. The computed plasma parameter maps of Figs. 4(a)-4(d) show the simulated 4d 1 S 0 → 4p 1 P 1 small-signal-gain coefficient, electron temperature, plasma density, and the fraction of ions in the Ni-like stage as a function of time with respect to the main peak of the pump pulse and distance from the target surface for the single-peak temporal profile. Figures 4(e)-4 (h) are similar plots for the dual-peak profile. Figure 5 shows the two-dimensional model results of the small-signal gain and Ni-like fractional population at the time of maximum gain for both pulse profiles. As can be seen from these simulation results, the tailored dual-peak pump profile produces a larger gain coefficient that lasts longer in time and extends further from the target surface. This can be seen in both the 1D maps of Figs The central depletion in the Ni-like ion fraction is due to overionization. The time of the maximum gain occurs at about the peak of the pump laser pulse for the two-peak profile, where the peak gain of the single-peak profile occurs several picoseconds after the pump laser peak intensity. The increase in gain occurs despite the fact that the electron temperature is about the same at the time of the main pump pulse. It is the higher electron temperature at times prior to the arrival of main pulse that creates the higher density of Ni-like ions at the time of maximum electron temperature [Figs. 4(d) and 4(h)], resulting in the larger gain. Refraction differences play only a secondary role, as the electron density profiles are not significantly different. The larger gain combined with the larger size of the gain region and a longer duration results in a significant increase in the output pulse energy.
The results of the hydrodynamic plasma model simulations were entered into a three-dimensional ray-tracing postprocessor that simulated the soft-x-ray amplification. This allows us to directly compare the experimentally measured soft-x-ray laser pulse energy as a function of plasma length with those predicted by the plasma model. The ray-trace post processor solves the propagation equation and the coupled atomic rate equations including stimulated emission. The propagation equation is solved using the ray approximation. The atomic model is the same atomic model used to calculate the gain with the addition of the stimulated emission and absorption rates. The model is fully resolved in three dimensions, frequency, and time [25] . Figures 6(a) and 6(b) show the measured and simulated λ = 13.9-nm laser pulse energies as a function of target length for both driving laser temporal profiles. As can be seen from Fig. 6(a) , the laser is gain saturated for the longest target lengths with either driving laser profile. However, the dual-peak profile results in a higher small-signal gain, 65 cm −1 vs 57 cm −1 , and about a factor of 3 higher SXRL pulse energy at the longest target lengths. When fit with the expression for gain-saturated ASE given in [27] , the dual-peak profile achieves a gain-length product of GL = 16.7 at a plasma amplifier length of 4 mm. The reasonably good agreement between the simulations and the model serves to validate the model and its conclusions. Despite the importance of the presence of the early pump pulse peak, the SXRL output is relatively insensitive to its relative intensity and delay with respect to the main pump pulse peak. Delays of 10-70 ps and relative intensities within 10%-25% of the main pump peak were experimentally observed to produce similar λ = 13.9-nm laser pulse energies, which makes this a robust system.
IV. CONCLUSION
In summary, we have demonstrated 100-Hz-repetition-rate SXRL operation with an average power of 0.1 mW at λ = 13.9 nm. A SXRL average power of 20 μW was obtained at λ = 11.9 nm operating at 50-Hz repetition rate. These results were made possible by combining a diode-driven CPA solid-state laser that produces 1-J picosecond pulses at 100-Hz repetition rate with a tailored pulse pump pulse profile for efficient pumping of the plasma amplifier. Model simulation shows that an excitation pulse consisting of a several nanoseconds ramp ending with a sequence of two shortly spaced intense picosecond peaks affects the density distribution of Ni-like ions at the time of maximum plasma temperature, producing a larger-size and longer-lasting gain region with increased gain coefficient. This results in a threefold increase in SXRL pulse energy with respect to that obtained with a simpler pump pulse consisting of a ramp and a single short peak. Additionally, the scheme was used to obtain bright lasing at several wavelengths between λ = 10.9 and 14.7 nm. The high average photon flux of these diode-pumped high-repetition-rate lasers will 053820-6 enable a number of applications including defect-free coherent lithography [28] and laser nanomachining [29] with high spatial resolutions. Further scaling in repetition rate can be expected to lead to milliwatt-average-power tabletop SXRLs.
